Introduction
Within the past decade, there has been renewed interest in fiber utilization by swine. Various in vitro systems to estimate volatile fatty acid (VFA)production and concentrations and cell wall indigestibilities when fibrous feedstuffs are incorporated into swine diets have been implemented (Ehle et al., 1982; Prince et al., 1982; Dawson et al., 1984) . Using sow cecal contents, Prince et al. (1982) noted increased cecal dry matter and VFA production per mg of dry matter with 100% alfalfa hay diets when compared with cornsoybean meal diets. Acetate production increased at the expense of propionate and butyrate. With coarse bran, fine bran, alfalfa and cellulose (solka floe) as substrates and using fecal inocula, Ehle et al. (1982) demonstrated that fiber source had a significant effect on cell wall indigestibility, VFA production and fecal VFA concentrations. Large intestine microbial activity and turnover time were also altered by dietary fiber source. Total transit time of a polyvinyl chloride marker decreased from 98:6 to 64.3 h when wheat bran was added to the 1235 JOURNAL OF ANIMAL SCIENCE, Vol. 60, No. 5, 1985 diet of finishing pigs (Bardon and Fioramonti, 1983) .
Lasaloeid, a polyether ionophore, decreases acetate and increases propionate concentrations in the rumen (Bartley et al., 1979; Ricke et al., 1984) . This VFA shift is mediated by changes in the rumen microbial population (Chen and Wolin, 1979; Dennis et al., 1981) . Similar microbial species are present in the hindgut of swine (Hungate, 1984; Varel et al., 1984) .
The objectives of this study were to: (1) evaluate the influence of substrate and inocula sources, incubation times, buffers and pH on in vitro estimates of cecal dry matter digestibility, substrate solubility and VFA concentrations, (2) evaluate the influence of dietary lasalocid on these in vitro estimates and (3) estimate digesta rate of passage when mature sows were fed a corn-alfalfa:orchardgrass hay (46%) diet (CH) or a corn-soybean meal diet (CS).
Materials and Methods
Animals. Four mature crossbred sows were used in all experiments and randomly assigned to dietary treatment for each experiment. Sows were housed in separate pens in a solid concrete-floored barn and floor-fed their experimental diets. Animal health was excellent throughout the study.
Surgical Procedure. Surgery was performed on each sow by modifying the ceeostomy procedure described by Marple et al. (1982) . A 20-cm, diagonal incision was made 8 cm posterior to the last rib and 8 cm below the base of the loin on the sow's left side. The incision penetrated epidermal and endodermal tissue layers. A 3-cm diameter portion of epidermal and endodermal tissue was removed at the dorsal point of the incision. Through this point the apex of the cecum was exteriorized, with cecal serosal tissue sutured to epidermal and endodermal tissue. Sows were allowed a 2-wk recovery period before collection of cecal contents was initiated. There was minimal leakage of cecal material through the fistula and cecal samples were obtained from sows for 6 mo post-surgery. There were no indications of infections in the sows following surgery as evidenced by the excellent animal health, their --+ --+ aCH = corn-hay diet; CHL = corn-hay diet plus lasalocid; CS = corn-soybean meal diet; CSL --corn-soybean meal diet plus lasalocid.
bcontributed the following per kg diet: Zn, 33 mg; Ee, 30 mg; Mn, 6.5 rag; Cu, 2.6 rag; I, .14 rag; Se, .05 rag.
CContributed the following per kg diet: Zn, 100 rag; Fe, 90 mg; Mn, 20 rag; Cu, 8.0 nag; I, .3 nag; Se, .09 mg.
dFinely ground corn used as carrier.
econtributed the following per kg diet: vitamin A, 1,819 IU; vitamin D3, 132 IU; riboflavin, .44 mg; calcium pantothenate, 2.6 mg; niacin, 6.6 mg; choline chloride, 6.6 nag; vitamin Bin, 7.1/~g. fContributed the following per kg diet: vitamin A, 3,309 IU; vitamin Ds, 231 IU;riboflavin, .77 mg; calcium pantothenate, 4.6 mg; niacin, 11.6 rag; choline chloride, 116 rag; vitamin B12 , 12.3 jag.
gFinely ground corn used as carrier with premix added at expense of corn. Lasalocid concentration was 46.5 and 67.9 mg/kg diet for CHL and CSL, respectively. (AOAC, 1980) . Starch was determined by the method of Fleming and Reichert (1980) . Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined by methods of Van Soest (1963) and Goering and Van Soest (1970) , with NDF determinations modified by a-amylase inclusion (Robertson and Van Soest, 1977) to facilitate filtration. Feed samples were wet ashed for mineral analyses (AOAC, 1980) . Total phosphorus (P) was determined by a colorimetric procedure (AOAC, 1980) while calcium (Ca) was determined by atomic absorption spectrophotometry 4 (AOAC, 1980). Mean particle size of diets was determined by the method of Waldo et al. (1971) .
4Spectrophotometer Model 306, Perkin-Elmer Corp., Norwalk, CT.
Each sow was fed her respective diet daily at 0700 h and water was available ad libitum. All diets were fed in meal form. Sows fed lasalocid consumed approximately 110 mg of the drug daily. A 10-d diet adaptation period preceded all cecal and fecal collections. For Exp. 1, 2 and 3, two sows were each fed diet CH or CS. For Exp. 4 and VFA determinations, each sow was fed diet CH, CH plus lasalocid (CHL), CS or CS plus tasalocid (CSL) during each of four sampling periods such that no sow received the same diet twice. And for the rate of passage experiment, each sow was fed 2.5 kg of the CH or CS diet for the first and second sampling periods, respectively.
In Vitro Experiments. The in vitro anaerobic batch culture system used was that described by Goering and Van Soest (1970) . Cecal samples from sows were obtained 5 h after feeding by inserting a 2.5-cm id, 25-cm long, flexible polyethylene tube through the cecal fistula and manually moving the tube up and down. Cecal contents were collected in insulated thermos bottles, pooled by diet when appropriate and strained through eight layers of cheesecloth to separate liquid and solid fractions. The liquid fraction was used as an inoculum source and maintained at 39 C under CO2, while the solid fraction was freeze-dried and used as a substrate source. All substrate material was ground through a Wiley mill (1-mm screen) and 250 mg of substrate were added to each in vitro flask. Incubation temperature was 39 C and flasks were shaken 2, 6 and 24 h after inoculation. Incubations were terminated by placing flasks in a freezer (-15 C) for 15 min. Each flask was centrifuged at 15,000 x g for 10 min, supernatant decanted and substrate pellet dried at 90 C for 24 h to determine dry matter disappearance (DMD). Substrate solubility (SS) was determined by adding 7.5 ml buffer to 250 mg of substrate and treating each flask as outlined in the DMD discussion. In vitro dry matter digestion (IVDMD) was determined by subtracting SS from DMD.
Exp. 1. Substrate was either the CH or CS diet, incubation time was 24 or 48 h, buffer was either the bicarbonate, McDougall's artificial saliva (B), or phosphate, Kansas State (P) buffer described by McDougall (1948) and Meyer (1972) , respectively, and cecal fluid was the inoculum.
Exp. 2. Incubation time was 24 h and the B
buffer was used. Substrate was either the solid fraction of cecal contents from CH-or CS-fed sows or the respective diets treated for 4 h with 7.5 ml of an HCl:pepsin solution (Goering and Van Soest, 1970 ) that was decanted before adding inoculum. Inoculum was the liquid fraction of either cecal contents or fresh fecal material from sows fed the CH or CS diets. Fecal inoculum was prepared by blending 100 g of fresh fecal sample with approximately 200 ml of demineralized water at 39 C with a Waring blender for 30 s under CO2, and filtering through eight layers of cheesecloth.
Exp. 3. Incubation time and buffer source
were as in Exp. 2. Substrate and inoculum sources were from cecal contents of sows fed CH or CS diets. Buffer pH was either 6.8, characteristic of the B buffer plus cecal inoc- (Clemens et al., 1975) . The pH adjustment was made by adding dropwise 1 N HC1 to B buffer before adding cecal inoculum.
Exp. 4. Incubation time and buffer were as in Exp. 2 and buffer pH was 5.8. Substrate and inoculum sources were from cecal contents of sows fed CH and CS diets with or without lasalocid. Sows fed lasalocid consumed approximately 110 mg of the drug daily. Because a portion of cecal liquid was used to determine VFA concentrations, inocula volume was not sufficient to permit cross-inoculation of haybased substrate with corn-based inoculum, and vice versa, as was done in Exp. 3. For VFA determinations, fresh cecal samples were centrifuged for 5 rain at 8,000 • g to separate liquid and solid fractions. Five milliliters liquid were added to 1 ml 25% (w/v) metaphosphoric acid and prepared for VFA analyses by gas liquid chromatography (Erwin et al., 1961) . The VFA concentrations (g/liter) of acetate, propionate and butyrate were determined on a Gow Mac Chromatograph 750 that was equipped with a flame ionization detector. The column used was 1.8 m long, 2 mm id, packed with 80/100 Chromosorb WAW containing 10% SP-1200 and 1% H3PO4 and operated at 120 C.
Rate of Passage. Dysprosium (Dy) s was the diet marker and incorporated into CH and CS diets by adding 1.623 g DyC13"6H20 to 70 kg diet so that the final concentration of Dy was 10 ppm. Sows consumed approximately 25 mg Dy for three consecutive days and were then fed either CH or CS diets for 7 d. Ytterbium (Yb) 6 was the cecal infusion marker. Freezedried cecal contents from sows fed CH or CS diets were labelled with Yb by immersing 30-g samples in 22 mM Yb solution in a plastic container for 24 h. Excess Yb was removed by straining the soak solution through six layers of cheesecloth and hourly washing the particulates for a total of six times with demineralized water. Cecal contents were dried for 72 h at 55 C. One gram Yb-marked cecal material was infused via the cecal fistula in a pulse dose at the same time Dy was first fed at 0 h. Fecal grab samples were collected at 12-h intervals for 10 d, dried for 5 d at 55 C, ground in a Wiley mill (1-mm screen) and analyzed for Dy and Yb by neutron activation (Boynton, 1979) 7.
Statistical Analyses. Exp. 1, 2 and 3 were 23 factorials (diet • incubation time • buffer; diet • substrate • inoculum; diet • pH • inoculum, respectively) in a randomized complete-block (RCB) design (Steel and Torrie, 1980) . Experiment 4 was a 22 factorial (substrate • inoculum) in a RCB design and VFA determination was a 42 (diet • animal) Latin square design. Rate of passage was a 2 x 4 factorial (diet x animal) in a RCB design. Data for Exp. 1, 2, 3 and 4 were evaluated by least-squares analysis of variance procedures (SAS, 1979) . The following two-compartment, sequential, timedependent-time-independent model with time delay (Blaxter et al., 1956; Matis, 1972; Ellis et al., 1979 ) was used to analyze fecal Dy excretion CU FVeS:
where Y and A are concentrations of Dy in fecal DM, kl is passage rate of marker out of the stomach, k2 is passage rate of marker out of the lower gastrointestinal tract pool (probably cecum-proximal colon), t is time elapsed since consumption of marked meal, and 3' designates time at which the marker first appeared in feces, an estimate of transit time of marker through the small and large intestines (Grovum and Williams, 1973) . The nonlinear, iterative method of Marquardt (1963) was used to obtain values for ka, k2 and % Average retention time of particulate matter in a pool was calculated as the inverse of the rate constants, 1/kn (Hungate, 1966) . Total retention time (TRT) was calculated as."
TRT --1/kl + l/k2 + 3'.
Fecal Yb excretion curves were evaluated by regression analysis (Grovum and Williams, 1973) . To estimate time of marker residence in cecum and proximal colon, 1/k was calculated as the absolute value of the reciprocal of the declining slope of Yb concentrations' natural logarithms.
Results and Discussion
Exp. Although fecal inoculum has been used for previous in vitro estimates of hindgut digestion in swine (Ehle et al., 1982) , cecal inoculum appears to be a more viable inoculum source.
The diet x substrate interaction (P<.001) indicates a greater difference between diet and cecal substrate IVDMD for CS diet than for CH diet, reflecting the greater starch fraction of CS diet. Differences between fecal and cecal inoculum IVDMD were greater for CH diet than for CS diet, effecting a substrate x inoculum interaction (P<.0003), indicating that inoculum viability was substrate-and source-dependent. Diet substrate solubility was similar for both diets; however, CH cecal solubility decreased, reflecting higher fiber content of the CH diet and disappearance of a major portion of dietary starch in sow small intestine. Increased solubility of CS cecal substrate may be due to modification of diet components anterior to sow cecum.
Exp. 3.
Results are presented in table 5. cCH --corn-hay; CS --corn-soybean meal.
d'e'fMeans in the same column with different superscripts differ (P<.O1).
g'hMeans in the same row with different superscripts differ (P<.O01).
i'j'kMeans in the same column with different superscripts differ (P<.03).
Adjusting in vitro conditions to pH 5.8 improved IVDMD of both diets, although results were different (P<.01) only when substrate and inoculum were from opposite sources. Cecal pH of growing-finishing swine is 5.8 to 6.0 (Clemens et al., 1975; Kass et al., 1980) . Our pH measurements of fresh cecal contents from sows ranged from 5.4 to 6.1 and were independent of diet. Data suggest that microbes in sow cecum were pH-sensitive and that pH changes influenced IVDMD estimates. The substrate • inoculum interaction (P<.01) indicated that sow cecal microbial activity was diet-dependent and required a diet adjustment period before maximizing dry matter digestion. As in Exp. 2, substrate solubility was greater for the CS diet. At pH 5.8, substrate solubility for both diets decreased.
Exp. 4.
Results are presented in table 6. Cecal substrates from sows fed lasalocid had higher IVDMD, regardless of diet. Addition of lasalocid to diets apparently resulted in a substrate that was more easily digested by cecal microflora. Inoculum from lasalocid-fed sows resulted in lower (P<.001) IVDMD for both substrates and both diets. This depression was most evident when the substrate was from nonlasalocid-fed sows and inoculum was from lasalocid-fed sows, indicating a change in the cecal microbial population when lasalocid was incorporated into sow diets. A microflora alteration by lasalocid has been identified in ruminants (Chen and Wolin, 1979; Dennis et al., 1981) . Substrate and inoculum from lasalocid-fed sows resulted in IVDMD values lower than controls for both diets. This may have been caused by high dietary and cecal lasalocid concentrations, because a high dietary ionophore (monensin) concentration has been shown to depress dry matter digestion and performance in cattle Raun et al., 1976) . In our study, lasalocid concentration per gram of dry matter was greater at the fermentation site than in ruminants. Substrate solubility decreased (P<.001) for both diets when cecal substrate came from lasalocidfed sows. This may indicate that lasalocid altered solubility of substrate in B buffer or that lasalocid-sensitive microflora digested a portion of soluble substrate before cecal sampling. As in Exp. 3, substrate solubility was greater for the CS diet.
VFA Determinations. Volatile fatty acid concentrations and molar proportions are presented in table 7. Total VFA concentrations (mM) were higher for CS-fed sows than for CH-fed sows. Lasalocid did not significantly affect this measurement. Addition of alfalfa: orchardgrass hay increased (P<.05) acetate (Ac) but decreased (P<.05) propionate (Pr) and butyrate (Bu) molar proportions. As a result, Ac:Pr ratios were higher for CH and CHL diets. The change in Ac:Pr ratio was similar to that reported by Prince et al. (1982) , where sows fed 100% alfalfa hay increased cecal VFA production and had a higher Ac:Pr ratio than did sows that were fed a basal corn-soybean meal control diet. However, a 50% alfalfa hay diet did not change Ac:Pr ratio. Using growingfinishing pigs and a corn-soybean meal diet as a control, Kass et al. (1980) and Dawson et al. (1984) reported increased Ac and decreased Pr cecal concentrations when alfalfa meal and wheat bran, respectively, were fed. Lasalocid addition to CH and CS diets decreased Ac and increased Pr concentrations, effecting a corresponding decrease in Ac:Pr ratios. There were no significant differences in Bu concentrations among diets, indicating that increases in Pr concentrations were at the expense of Ac. Bartley et al. (1979) and Ricke et al. (1984) reported similar reductions in Ac:Pr ratios when lasalocid was fed to feedlot heifers and lambs, respectively. Results were influenced primarily by increased ruminal Pr and decreased ruminal Ac and Bu. Addition of 11 mg monensin/kg to a 14% crude protein, corn-soybean meal diet or a corn-soybean meal + cellulose diet (25% crude fiber in total diet) fed to finishing barrows resulted in decreased Ac and increased Pr concentrations in pig cecum (DeBarthe and Kane, 1980) . In our study, the diet • additive interaction (P<.01) indicated that lasalocid addition had its most marked influence on cecal VFA concentrations of CS-fed sows. This VFA concentration shift may have been mediated by sensitivity of cecal microbes from CS-fed sows to lasalocid and(or) increased microbial fermentation of cecal substrate due to greater retention of CS digesta in sow hindgut. Clemens et al. (1975) and Imoto and Namioka (1978) showed that 90% of total VFA production in the pig occurred in the cecum and large intestine. Fibrous feedstuffs alter VFA concentrations and production in the pig hindgut and source of fiber influences specific VFA concentrations (Ehle et al., 1982) . Because Pr is a glucose precursor and contribution of VFA to swine energy requirements varies from 5 to 28% (Friend et al., 1964; Farrell and Johnson, 1972; Imoto and Namioka, 1978; Kass et al., 1980; Frank, 1982) , increasing hindgut Pr production may improve the pig's energy utilization.
Rate of Passage Experiment. Results are presented in table 8. Values for 1/kl, 1/k2, 3' and TRT were lower for the CH diet, indicating that addition of alfalfa:orchardgrass hay decreased total diet retention time as well as compartment retention times. Although no concentrate diets were included in comparing alfalfa meal, coarse bran, fine bran and cellulosebased diets fed to mature barrows, Ehle et al. (1982) showed that alfalfa meal had the shortest diet mean retention time. Similar turnover times were reported by Kass et al. (1980) . Addition of wheat bran to a dried milk-based diet fed to finishing barrows decreased transit time of polyethylene particle markers from 98.6 to 64.3 h (Bardon and Fioramonti, 1983) . Because of rapid disappearance of Yb in feces from CH-fed sows, no regression analyses were performed on these excretion data. Regression analyses of Yb declining excretion curves for CS-fed sows indicated that passage time through sow cecum and proximal colon was similar to that estimated by l/k2 (as determined by Dy). Although first appearance of Yb was similar for both diets, CS-fed sows retained Yb-marked cecal material longer than did CH-fed sows.
The two-compartment model used to quantify rate of passage measurements was developed for ruminant studies, the first compartment being the reticulo-rumen and the second, cecum-proximal colon. Ehle et al. (1982) used the model of Grovum and Williams (1973) to estimate diet mean retention time and digesta retention in pig hindgut. In our study, the model of Ellis et al. (1979) was used to estimate retention times throughout sow gastrointestinal tract. Absolute values presented in table 8, primarily l/k2, may be influenced by feeding Dy-marked diets for three consecutive days rather than as a pulse dose. We believe, however, that 7 and TRT values are representative of digesta movement for respective diets. Keys and DeBarthe (1974) and Clemens et al. (1975) showed that large intestine was the major site of digesta retention in pigs. Because the model used in our study includes a major portion of the large intestine in the 3, measurement, it is not unusual to see l/k2 values (cecum-proximal colon) similar to l/k1 values (stomach). Clemens et al. (1975) demonstrated that particles 1 cm and larger have a slower rate of passage through pig digestive tract, with the stomach being the compartment regulating initial passage. Although mean particle size of the CH diet was larger than that of the CS diet, the faster transit time may be explained by greater hydration capacity of the CH diet. Also, volume of CH diet influences transit time, because the sows' feed intake was approximately 75 and 50% ad libitum for CH and CS diets, respectively.
In five of the seven excretion curves, small secondary peaks were observed at the beginning of the declining phase of Dy excretion curves. Similar secondary peaks were reported in bValues reflect means of four animals.
epassage rate of marker out of the stomach.
d'eMeans in the same row with different superscripts differ (P<.05).
fPassage rate of marker out of lower gastrointestinal tract pool.
gTime at which marker first appeared in feces, an estimate of marker transit time through the small and large intestine.
hTotal retention time.
iValues reflect means of three animals.
JPassage rate of marker out of lower gastrointestinal tract pool.
kBecause of rapid disappearance of Yb in CH-fed sows' feces, no regression analyses were performed on this excretion data. miniature pigs (Luckey et al., 1979) and mature barrows (Ehle et al., 1982) , although these secondary peaks appeared at the latter portion of marker excretion curves. Because ileal digesta can enter either the cecum or proximal colon, it is possible that secondary peaks observed may reflect cecal emptying, as suggested by Van Soest et al. (1983) . Secondary peaks observed in our study may have appeared earlier in excretion curves because Dy was fed on consecutive days rather than as a pulse dose.
Addition of alfalfa:orchardgrass hay and(or) lasalocid to the limit-fed sow's diet influenced substrate for microbial fermentation and subsequent VFA production in sow hindgut. Dietary alfalfa:orchardgrass hay increased rate of passage and decreased cecal retention of digesta. AOAC. 1980 . Official Methods of Analysis (13 th Ed.).
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